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ABSTRACT
A series of bis(3,4-ethylenedioxythiophene)-thiophene derivatives (BEDOT-Ts)
and bis(3,4-ethylenedioxythiophene)-benzene derivatives (BEDOT-Bs) monomers were
electrochemically polymerized onto glassy carbon or ITO-coated glass electrodes. Cyclic
voltammetry (CV), infrared (IR), UV-vis-NIR and photoluminescence (PL) spectroscopy
were employed to investigate and characterize properties of resulting polymers. dcconductivities of these polymers were measured by the four-point probe method.
Cyclic voltammetry studies show that the redox half potentials of PBEDOT-3BT,
PBEDOT-3OT, PBEDOT-3TBS and PBEDOT-3MPT are –290, -297, -325 and –284 mV
versus Ag/Ag+, respectively. The redox half potentials of PBEDOT-TOL, PBEDOTBOB and PBEDOT-FB are –130, -147 and –327 mV vs. Ag/Ag+, respectively, and a bit
higher than that of PBEDOT-Ts. Moreover, the large potential plateau indicates that
PBEDOT-Ts and PBEDOT-Bs are stable over a broad potential window.
All polymers exhibit electrochromism and a spectrum of colors in the undoped
state, ranging from deep-purple for PBEDOT-3BT and PBEDOT-3OT to reddish for
PBEDOT-FB, and blue in the doped state. In addition, these polymers show
photoluminescence behavior and their PL are in the orange and red regions.
IR spectroscopy showed that the polymerization should take place at the position of the EDOT ring, with no opening of the central ring. UV-vis-NIR spectra
showed the characteristic of free carrier tail for all polymers in the doped state, and one
broad peak in the undoped state that is assigned to the * transition. The optical
bandgaps, obtained from the onset of the * transition in the undoped state of these
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polymers range from 1.65 to 1.85 eV with moderate dc conductivities ranging from 15 to
30 S/cm in the doped state.
PBEDOT-Ts tend to be stable in the intermediate form while PBEDOT-Bs are
stable in both the doped and undoped states. The stability, moderate conductivity,
luminescence properties, as well as electrochromic behavior of these polymers make
them good candidates for optoelectronic materials. abstract is a succinct statement of the
significant contents of the manuscript and the value and relevance of the study.
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CHAPTER ONE
INTRODUCTION
During the past several decades, conductive polymers have become the focus of
intensive research and development. Most conductive polymers are conjugated polymers
that exhibit semiconducting properties. The motivation for using organic electronic
materials is twofold. First, these materials offer functionality not available from
traditional materials, such as the colors available from organic light-emitting diodes
(OLEDs). Second, organic materials (polymeric or molecular) often lend themselves to
solution processing -- processing in a fluid (or paste) form -- with the same techniques
used to print newspapers, magazines, or even desktop-published documents. Printing
techniques, especially when used in a roll-to-roll manufacturing process, offer
tremendous potential cost savings over clean room processing of crystalline materials.
The high level of interest in the semiconducting properties of these materials is
their potential use in large-area thin-film electronics, due to the prospect for possible lowcost fabrication of devices with very acceptable device performance. Thin films of
semiconducting polymers can be used as the active layers in devices ranging from fieldeffect transistors (FETs) to electroluminescence diodes and photoconductive devices.
Another advantage of polymer-based semiconducting devices is the case of engineering
interfaces between the various layers to make working devices. Many conjugated
polymers exhibit strong photoluminescence, and therefore are attractive as potential
materials for electroluminescence.
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In recent years, researchers have investigated electroluminescence and
electrochromism of conjugated polymers. Electrochromism is a reversible and visible
change in the transmittance and/or reflectance of light resulting from electrochemically
induced oxidation/reduction reactions at low voltages. Conjugated polymers, such as
polyanilines, polythiophenes and polypyrroles are well known for their high electrical
conductivity in the doped state and electrochromic properties. Some conjugated
polymers have shown good color contrast with long cycle lifetime [1,2,3,4]. Also,
conducting polymers have an additional advantage in their use for a variety of nonlinear
optical applications such as optical memory elements [5] and smart windows [6].
The delocalized electronic structure of these polymers is in part responsible for
the stabilization of the various charge carriers created upon doping. In many cases, the
conjugated electronic structure also involves a relatively small -* band gap with strong
absorption in the UV-visible region of the electromagnetic spectrum. The coupling
between the electronic structure and the UV-visible absorption of these polymers has led
to the development of interesting electrochromic devices based upon reversible dopingdedoping redox processes [7]. On the other hand, the UV-visible absorption spectrum of
neutral conjugated polymers can also be altered by varying their conformational
structure. Changing the conformational structure of the polymer backbone will reduce
the effective conjugation length [8,9,10] which leads to a blue shift in the UV-visible
absorption. An illustration of this effect can be seen in the strong blue shift of the UVvisible absorption maximum of nonplanar polyacetylene [11,12] and polypyrrole [13]
derivatives compared to their unsubstituted parent polymers. These substituted
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conjugated polymers were prepared for improving processibility, but the presence of the
bulky substituents reduced the effective conjugation length, leading to a reduction in their
electrical properties.
A major breakthrough in this field occurred with the synthesis of highly
conjugated, conducting, and processible poly(3-alkylthiophene)s [14,15,16], followed by
poly(3-alkoxy-4-methylthiophene)s [17,18,19]. These polymers still have a highly
effective conjugation length, in spite of having bulking substituents, because an anticoplanar conformation of the backbone can accommodate these substituents in the solid
state. Since then, various thiophene based linear -conjugated polymers have been
developed. Among others, extensive research has been done on poly(3,4ethylenedioxythiophene) (PEDOT) due to its unique properties such as environmental
stability, good electrical conductivity, low band gap and electrochromic behavior [20].
Functionalization of 3,4-ethylenedioxythiophene (EDOT) has led to the formation of a
variety of monomers, oligomers and polymers with unique electronic and optical
properties [21]. The most distinguished property of these polymers is their
electrochromic behavior that could be used in smart windows.
Recently, much attention has been focused on polymers from bis(3,4ethylenedioxythiophene)-based monomers (BEDOT-Q) for their potential applications,
either electrochromic or luminescent, that provide a wide range of emission wavelengths.
Among these monomers, BEDOT-thiophenes and BEDOT-benzenes exhibit
photoluminescent behavior with blue emission and low oxidation potential with respect
to EDOT [22,23]. These unique properties may have applications in a wide range of
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opto-electronic devices, including micro-ring lasers, photoemission devices and
electrochromic films for sensors. Preliminary results show that polymers synthesized by
chemical oxidative polymerization from these monomers do not dissolve in common
organic solvents thus making thin films of these polymers from solution processes such
as casting or spin coating impossible. This, however, does not entirely preclude the
possibility of being useful: since the oxidation potentials of the monomers are low,
polymer films could be achieved by oxidative electrochemical polymerization methods
with minimal side reactions. Electrochemical polymerization presents several advantages
such as rapidity, absence of catalyst, control of film thickness by the deposition charge,
ease of coating, direct obtainment of the polymer in the oxidized conducting form, more
consistent electronic and mechanical property replication, and reduction of void space.
In this dissertation study, the anodic oxidative electrochemical polymerization
will be employed for the synthesis of a new series of conductive polymers based on
monomers of BEDOT-thiophene derivatives (BEDOT-Ts) and BEDOT-benzene
derivatives (BEDOT-Bs). The major contribution has concerned the development of new
materials with unique properties. The goal of this work was to synthesize and investigate
the properties of these new materials. The highlights of these studies have been primarily
the development of an electropolymerization method that is principally driven by the
processible and characterization of these materials. Thus, highly conducting and
processible polymers are available, allowing the development of large-scale bulk
applications such as antistatics or EMI shieldings. The ability to control the structure and
properties of conjugated polymers is a prerequisite for all subsequent physical and
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structural studies as well as the development of technological applications. In addition to
a considerable number of structural characterizations by many different of physical
techniques, the development of new methods of preparation allowing better control of the
molecular architecture, structural definition, and properties of the polymers will be
elucidated.
This dissertation will present a brief review of the literature after this introduction.
In the following chapters, the detailed experimental methods employed will be presented,
the results obtained in this research presented follow by conclusions and
recommendations for future studies.
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CHAPTER TWO
LITERATURE REVIEW
The term “conductive polymers” has been widely used to describe those specific
polymers which can dissipate or conduct electricity. This term, however, actually
includes two completely different types of polymers. The first type of polymer which
currently dominate major commercial uses are those compounded with conductive fillers,
such as carbon black, metal flakes, carbon fibers, and metal fibers. The second type of
polymer is inherently conductive polymers (ICPs), which can dissipate or conduct
electricity through their own molecular chains due to their chemical structures. This
second category of conductive polymers is the focus of intense research because of their
potential advantages, which include variable conductivity by controlling the level of
doping, high conductivity approaching that of metals, ease of cycling between conducting
and insulating states, high capability of charge storage, etc.
Inherently conductive polymers are organic semiconductors. The semiconducting
behavior being associated with the  molecular orbitals that delocalize along the polymer
chain. They offer two potential advantages over the traditional inorganic materials used
as conductors. Firstly, fabrication of conductive polymers by molding and other plasticsprocessing techniques into various electrical and electronic devices and forms is
relatively easy compared to metallurgical processes used for inorganic materials.
Secondly, the lightweight, low density properties of the polymeric materials would make
certain types of applications more practical and economical, for example lightweight
rechargeable batteries for portable devices and vehicles.
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In late 1970s, Heeger and MacDiarmid discovered that polyacetylene synthesized
by Shirakawa’s method could undergo a 12 order of magnitude increase of electrical
conductivity upon charge-transfer oxidative doping [24]. Since then, the development of
many areas of research on the properties of organic conducting polymers have become a
subject of considerable interest for both academic and industrial researchers in domains
as different as chemistry, solid-state physics, and electrochemistry. Figure 2.1 shows
several of the more common conductive polymers in their non-conducting state (undoped
form).
Conduction Mechanism [25,26]
To understand these materials, the first step is to review how materials are
catagorized according to their conductivity by the band theory of solids. When a large
number of atoms (as in metals or semiconductors) or molecules (as in organic metals) are
brought together into a crystalline solid, the outer electronic states mix so as to form
energy bands separated by energy gaps. The electronic states in each band form a
continuum. This is analogous to the splitting of atomic energy levels as two atoms are
brought together to form a molecule with higher and lower energy levels. For instance,
the ethylene molecule consists of two sp2-hybridized carbon atoms, each containing an
unpaired electron in a p orbital; the two orbitals overlap to form a  bond. The
interaction of these two p orbitals forms two molecular orbitals corresponding to the bonding and *-anti bonding orbitals separated by an energy 2, as shown in Figure 2.2.
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Figure 2.1 Chemical structures of some common conducting polymers in their
undoped state.
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Figure 2.2 Band formation obtained by mixing of electronic states.

If these orbitals are allowed to interact with the  and * orbitals of a second ethylene
molecule stacked directly above the first, two sets of two molecular orbitals are formed
that are separated by energy 2t, where t is the resonance or transfer integral. If n ethylene
molecules are allowed to interact, n states are formed from each of  and * orbitals. For
large values of n, the energy states are close enough together to form a continuous band.
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The 2n electrons are then allowed to fill the bands by being placed in the lowest energy
states and then succeeding higher energy states are filled. The highest occupied state is
called the Fermi level. Only the states that are near in energy to the Fermi level are
readily accessible and influence physical properties. The band formed from the highest
occupied molecular orbital (HOMO, referred to as the valence band) in the stack of
ethylene molecules is entirely full, but the band formed from the lowest unoccupied
molecular orbital (LUMO, also called the conduction band) is entirely empty. The
energy gap separating these two bands is called the band gap energy (Eg).
According to band theory, the electrical properties of materials depend on how the
bands are filled. If at zero temperature one or more bands are partly occupied, the
material is metallic. Since the valence bands are incompletely filled, which have a large
number of electrons available for conduction, the application of normal thermal or
electrical energy can excite electrons near Fermi level to unoccupied levels. The
electrons in the unoccupied levels can delocalize and then enter into a physical
conduction process. Such elements are good electrical conductors and have a high
electronic thermal conductivity. The dominant influence on the electrical conductivity is
scattering of these electrons by phonons (lattice vibrations). The conductivity of a metal
increases with decreasing temperature because there are fewer phonons at low
temperatures.
Another situation occurs in which the valence bands are completely filled and the
next highest band is completely vacant. The electrical properties will depend upon the
extent of the energy gap between the bands. The gap represents a range of energies
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which the electrons are forbidden to occupy. If the gap is very large (>>kBT, kB =
Boltzmann’s constant and T = absolute temperature), the element will be an insulator.
Neither thermal nor electrical conduction is possible by the electrons under these
conditions. However, if the energy gap is on the order of kBT, then conduction can occur.
Thermal energies are sufficient to permit electrons from the top of the filled valence band
to jump across the energy gap and occupy states in the bottom of the unfilled conduction
band, as shown in Fig. 2.3. The more electrons that enter into this process, the better the
conduction becomes. The resulting “hole” (absence of electrons) in the formerly filled
valence band also can enter into the conduction process. A hole acts in applied electric
and magnetic fields as if it has a positive charge (+e). Elements with small band gaps are
known as intrinsic semiconductors. As temperature increases, more electrons can be
promoted into the conduction band, and hence conductivity increases with increasing
temperature. The typical charge carriers of semiconductors are electrons and holes.

Empty
level

Eg
Eg

Filled
level

Metal

Semiconductor

Insulator

Figure 2.3 The allowed energy states for a metal, semiconductor and insulator.
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Most conjugated polymers correspond to closed-shell systems (filled bands)
where all the electrons are paired. Such a configuration leads to semiconducting or
insulating properties as discussed previously. In order to promote conductivity, the
polymer is doped analogous with the doping of semiconductors to form a p-type or n-type
doped material. As a result of doping, electrons are added to the polymer chains
(reduction) or  electrons are removed (oxidation) from the polymer chains, which enable
electrons to move freely along the chains. Hence, the conductivity increases by several
orders of magnitude.
When an electron is removed from the top of the valence band of a conjugated
polymer, a vacancy (hole or radical cation) is created. This radical cation is not
completely mobile, as would be expected from classical band theory. Only partial
delocalization occurs along the polymer chains extending over several monomeric units
causing structural deformation. The energy level associated with this radical cation
represents a destabilized bonding orbital that has a higher energy than the energies in the
valence band. In other words, the energy level of radical cation falls in the band gap.
This partially delocalized radical cation is called a polaron. It stabilizes itself by
polarizing the medium around it. Since it is really a radical cation, a polaron has a spin
½. The two polaron states corresponding to a radical cation (oxidation) and radical anion
(reduction) are symmetrically disposed around the Fermi level (Figure 2.4(b)). For the
radical cation, the removal of an electron from the top of the valence band leaves an
unpaired spin near the valence band edge (p-doping), and for the radical anion, the
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addition of an electron fills the corresponding energy state near the conduction band edge
(n-doping) (see Figure 2.4(b)).
If another electron now is removed from the already oxidized polymer containing
the polaron, two things can occur: this electron could come from either a different
segment of the polymer chain, thus creating another independent polaron, or from the
first polaron level (remove the unpaired electron) to create a special dication, called a
bipolaron. In other case, if another electron now is added to the already reduced polymer
containing the polaron, two things can occur: this electron could come to either a
different segment of the polymer chain, thus creating another independent polaron, or to
the first polaron level (add the unpaired electron) to create a special dianion, called a
bipolaron. The two negative charges of the bipolaron are not independent, but behave as
a pair. The bipolaron also has structural deformation associated with it and is stronger
than in the case of polaron, thus the electronic states are closer to the Fermi level than
they are for polarons. (see Figure 2.4(c)). Bipolarons are spinless with all energy levels
in the gap either empty or full. These charge carrier species are believed to be involved
in the conduction processes observed in polypyrrole.
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CB
Fermi level
VB
(a)
Intrinsic semiconductor
CB

CB
(b )
VB
Q = +e, s = 1/2

Polaron states

VB
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(Radical cation)
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CB
(c)

CB

Bipolaron states
VB

VB

Q = +2e, s = 0

Q = -2e, s = 0

(Dication)

(Dianion)

Figure 2.4 Electronic energy levels associated with various types of defect structures.

Both polarons and bipolarons are mobile and can move along the polymer chain
by the rearrangement of double and single bonds in the conjugated system that occurs in
an electric field. If a great many polarons (or bipolarons) are formed, their energies can
start to overlap at the edges, which creates narrow polarons (or bipolarons) bands in the
band gap. Conduction by polarons and bipolarons is thought to be the dominant
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mechanism of charge transport in non-degenerate ground state polymeric systems
[27,28,29,30]. These concepts also explain the optical absorption changes seen in these
polymers upon doping.
When photons of energy h ≥ Eg are incident on a semiconductor, electron-hole
pairs are generated, giving a sharp absorption band in the transmission and/or absorption
spectrum, at h = Eg. When photons of energy h < Eg are incident on the
semiconductor, two optical absorption processes can occur: electrons are excited from the
ground state of shallow-level impurities (polaron or bipolaron band) onto excited states,
and free electrons (holes) in the conduction (valence) band are also excited to higher
energy states in the band, i.e., photons are absorbed by free carriers. The former process
produced a sharp absorption band at the energy associated to a difference energy between
those two states. The later process produces a broad continuum absorption.
During the last several decades, conductive polymers have become the focus of
intensive research and development. The application of these materials for potential use
in electrochromic, opto-electronic devices such as organic light-emitting-diodes
(OLEDs), field-effect-transistors (FETs), biosensors, chemical sensors and optical
display such as flat-screen TV and large area displays [31] are the most interesting areas
of research around the world.
Among these materials, poly(thiophene) (PT) has rapidly become the subject of
considerable interest. PT is one of the poly(heterocycle) conjugated materials. Materials
in this class have a non-degenerate ground state, higher environmental stability, and
structural versatility that allow the modulation of their electronic and electrochemical

15

properties by manipulation of the monomer structure. From a theoretical point of view,
PT has been often considered as a model for the study of charge transport in ICPs with a
non-degenerate ground state. On the other hand, the high environmental stability of both
its doped and undoped states together with its structural versatility have led to multiple
developments aimed at applications such as conductor electrode materials, and organic
semiconductors.
Polythiophene and its derivatives have received significant attention for their
unique electrical properties and environmental stability, and for their potential
applications as active materials in organic electronic and photonic devices [32,33,34].
The synthesis of PTs can be achieved by means of chemical and electrochemical
polymerization. Usually, polymers obtained by chemical polymerization are insoluble
while polymerization by electrochemical routes has one major side reaction
involving, coupling [35]. In order to prevent the , coupling, various substituted
thiophene monomers have been developed.
Poly(3,4-ethylenedioxythiophene)(PEDOT)
In the field of polythiophene derivatives, poly(3,4-ethylenedioxythiophene)
(PEDOT) is one of the most intensively investigated. The alkylenedioxy substituents in
the 3 and 4 positions of thiophene monomer prevent the occurrence of , coupling, and
thus ensure the formation of linear chains. Chemical structures of 3,4ethylenedioxythiophene (EDOT) monomer and PEDOT are shown in Figure 2.5. Both
chemically and electrochemically synthesized PEDOT are very stable. Oxidative
chemical polymerization of EDOT using oxidizing agents such as FeCl3 leads to the
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formation of insoluble powder of oxidized PEDOT with the conductivity of 10-30 S/cm
[20,36,37]. The electrochemical anodic oxidative polymerization of EDOT leads to the
formation of thin films with the conductivity of 200-300 S/cm, depending on the
electrolyte and the conditions of electropolymerization [38]. The low band gap (ca. 1.6
eV) [20] of PEDOT is also interesting for opto-electronic properties. Various
applications such as antistatic coatings [35,39], electrochromic devices
[40,41,42,43,44,45], electrochemical capacitors [46], biosensors [47] or chemical sensors
[48,49] have been developed.
3,4-ethylenedioxythiophene (EDOT) is commercially available. Poly(3,4ethylenedioxythiophene) (PEDOT) was first polymerized by Heywang and Jonas
[36,37]. The spectroscopic and electrochemical properties of PEDOT were subsequently
studied by Heinze and co-workers [20]. They found that EDOT has an irreversible
oxidation peak at 1.39 V vs. Ag/AgCl, and two reduction waves at 0.05 and –0.36 V.
The polymer (PEDOT) has an oxidation peak at 0.07 V, and two reduction waves at
0.215 and –0.45V. Spectroelectrochemical analysis of PEDOT films deposited on
indium tin oxide (ITO) coated-glass have blue-violet color in the neutral form (undoped)
and a more transparent light-blue color in the oxidized form (doped), and a band gap of
ca. 1.6 eV (760-780 nm). These properties (low band gap and color change) also hold for
the PEDOT derivatives. Since then, several research groups have synthesized EDOT
derivatives to improve their solubility and processibility.
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Figure 2.5 Chemical structure of (a) EDOT monomer and (b) poly(EDOT)(PEDOT).

Poly(bis((3,4-ethylenedioxy)thienyl)-X) [50,51,52,53]
Reynolds and co-workers [50] have synthesized a series of polymers made from
monomers that has been modified from EDOT and investigated their properties. Their
aim was to obtain a new series of monomers and polymers with different electronic
properties that possess electrochromic properties of PEDOT and are easier to process.
Some of these polymers are soluble in common organic solvents. The electrochemical
synthesis was used to polymerize those that are insoluble. Two types of new monomer
compounds are studied by this research group, modified EDOT monomers and bis((3,4ethylenedioxy)thienyl)-X, where X is the bridge molecule of two EDOT monomers.
Figure 2.6 shows some of the monomer structures and their corresponding polymer
repeat unit. The electropolymerization of these modified EDOT polymers shows
oxidation potentials lower than that of EDOT but the band gap of these polymers are
slightly higher, except for the vinylene linkage. The color contrast between doped and
undoped states is more pronounced than the parent PEDOT. Properties of some of these
polymers are summarized in Table 2.1.
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Figure 2.6 Chemical structures of (a) BEDOT-X and (b) PBEDOT-X.
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Table 2.1 Electrochemical and optical properties of some PBEDOT-X.

polymer

PEDOT

E1/2

Eg

dc

(mV)

(eV)

(S/cm)

1.6

10-

250

Abs.

color

max

undoped

(nm)

state

630

100

bluepurple

color

ref

doped state

light-blue

20,36,
37

deep
P(BEDOT-V)

20

1.4

N/A

-

sky blue

50,51

P(BEDOT-T)

-500

1.7

N/A

-

deep blue

blue

50,51

P(BEDOT-F)

-90

1.7

N/A

-

deep blue

blue

50,51

P(BEDOT-B)

230

1.8

N/A

-

red

blue-purple

50,51

P(BEDOT-BP)

300

2.3

N/A

-

orange

purple

50,51

purple

deep blueP(BEDOT-Pyr) 490

1.9

N/A

475

deep red

purple (p)
sky blue (n)

Note: E1/2 = half wave potential; Eg = band gap energy; dc = dc conductivity.
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52,53

Mechanisms of Electropolymerization
The electrochemical formation of conducting polymers is a unique process. The
charged species precursors of the deposited material must be initially produced by
oxidation of the neutral monomer at the anode surface. The consequence of this is that
various electrochemical and chemical follow-up reactions are possible. The
electrochemical formation of heterocyclic conducting polymers was analogous to the
already known coupling reactions of aromatic compounds. The mechanism for the
oxidative electropolymerization of bis(3,4-ethylenedioxythienyl) monomers, proposed by
Reynolds et al. [50] is that the polymerization proceeds through an electrochemically
activated step-growth mechanism, which involves the formation of a monomer cation
radical followed by a coupling polymerization. The oxidation (doped) and reduction
(undoped) forms of polymers can be achieved by means of electrochemical reactions as
shown in Figure 2.7.
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Figure 2.7 The oxidative polymerization of poly(BEDOT-B) proposed by Reynolds [50].
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Pepitone and co-workers [22,23] recently reported the synthesis of a relatively
low-oxidation potential, electropolymerizable asymmetric substituent of BEDOTthiophene derivatives and BEDOT-benzene derivatives. These monomers including 2,5bis[(3,4-ethylenedioxy)thien-2-yl]-thiazole (BEDOT-TZ), 2,5-bis[(3,4ethylenedioxy)thien-2-yl]-3-butylthiophene (BEDOT-3BT), 2,5-bis[(3,4ethylenedioxy)thien-2-yl]-3-octylthiophene (BEDOT-3OT), 2,5-bis[(3,4ethylenedioxy)thien-2-yl]-3-(butylsulfanyl)-thiophene (BEDOT-3TBS), 2,5-bis[(3,4ethylenedioxy)thien-2-yl]-3-(4’-methoxyphenyl)-thiophene (BEDOT-3MPT), 2,5bis[(3,4-ethylenedioxy)thien-2-yl]-1,3,4-oxadiazole (BEDOT-OXA), and 2,5-bis[(3,4ethylenedioxy)thien-2-yl]-toluene (BEDOT-TOL) exhibit blue emission characteristics
with the quantum yield ranging from 2 to 7 %. The oxidation potential of these
monomers, except BEDOT-OXA, is much lower than that of the parent monomer
(EDOT). The chemical structures of the monomers are shown in Figure 2.8. Some of the
properties of these monomers are summarized in Table 2.2.
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Table 2.2 Optical and electrochemical properties of BEDOT-Q monomers [22,23].
Ep,a

Absorbance Emission

Quantum yield

monomer

(mV vs. Ag/Ag+)

(max)

(max)

(quinine sulfate std.)

BEDOT-TZ

619

377

452

0.054

BEDOT-3BT

446

361

441

0.034

BEDOT-3OT

426

361

441

0.032

BEDOT-3TBS

403

382

449

0.030

BEDOT-3MPT

451

371

450

0.020

BEDOT-OXA

617

<320

413

0.090

BEDOT-TOL

582

318

401

0.071

Note: Ep,a = anodic peak potential.
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Figure 2.8 Chemical structures of BEDOT-3BT, BEDOT-3OT, BEDOT-3TBS,
BEDOT-3MPT, BEDOT-TOL, BEDOT-TZ and BEDOT-OXA monomers.
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Electrochemical Methods [54]
The electrochemistry of conducting polymers has enormous potential for many
applications, for example, in rechargable batteries, chemical and biological sensors, and
displays. Moreover, conducting polymers contain electronic states that can be reversibly
occupied (undoped) and emptied (doped) with electrochemical techniques.
Electrochemistry is the branch of chemistry concerned with the interrelation of
electrical and chemical effects. A large part of this field deals with the study of chemical
changes caused by the passage of an electric current and the production of electrical
energy by chemical reactions. In electrochemical systems, the processes and factors that
affect the transport of charge across the interface between chemical phases such as an
electronic conductor (an electrode) and an ionic conductor (an electrolyte) are concerned.
Charge is transported through the electrode by the movement of electrons (and holes). In
the electrolyte phase, charge is carried by the movement of ions. An electrochemical cell
can be defined as a system consisting of two electrodes bridged by an electrolyte. To be
useful in an electrochemical cell, the solvents/electrolyte system must be of sufficiently
low resistance for the electrochemical experiment envisioned.
The overall chemical reaction taking place in an electrochemical cell is made up
of two independent half-reactions. Each half-reaction responds to the interfacial potential
difference due to chemical changes at the corresponding electrode. Consider a halfreaction of first order occurring at an inert metallic electrode;
O + ne-
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R

species O (oxidant) and R (reductant) both being soluble with n electrons are being
transferred in the system. By applying a potential to the electrode, the highest occupied
electronic level in the electrode, called Fermi level (EF) is altered. Electrons are always
transformed to and from this level. By driving the electrode to more negative potentials,
the energy of the electrons is raised. They can reach a level high enough to transfer into
vacant electronic states on species in the electrolyte. In that case, a flow of electrons
from electrode to solution (a reduction current) occurs (Figure 2.9 (a)). Similarly, by
imposing a more positive potential, the energy of electron is lowered, and at some point
electrons on solutes in the electrolyte will find a more favorable energy on the electrode
and will transfer there. The flow of electrons from solution to electrode is an oxidation
current (Figure 2.9 (b)). The critical potentials at which these processes occur are related
to the standard potentials (E0) for the specific chemical substances in the system. For
practical point of view, the E0 is replaced by the formal potential ( E 0 ) which is an
adjusted form of the E0, manifesting activity coefficients and some chemical effects of
the medium. Since activity coefficients of both species O and R are almost always
unknown. The relationship between E0 and E 0 is given by
E 0  E 0 

RT  O
ln
nF  R

where R = molar gas constant = 8.3144 Jmol-1K-1
T = absolute temperature, K
n = stoichometric number of electrons in an electrode reaction
F = Faraday constant = 9.64853x104 C
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 O  activity coefficient for species O


 R  activity coefficient for species R

Because the ionic strength affects the activity coefficients, E 0 will vary from medium to
medium
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Figure 2.9 Electron transfer at an inert metallic electrode (a) reduction (b) oxidation.
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For the majority cases, we are interested only in one of these reactions, and the
electrode at which it occurs is called the working electrode (WE). To focus on this half
reaction, the other half of the cell must be standardized by using an electrode made up of
phases having essentially constant composition, called a reference electrode (RE). The
internationally accepted primary reference is the standard hydrogen electrode (SHE), or
normal hydrogen electrode (NHE), with its potential arbitrarily assigned a value of
0.000 V on the standard reduction potential scale. A saturated calomel electrode (SCE)
or an Ag/AgCl/satd KCl electrode can be used with aqueous electrolytes. In nonaqueous
solvents, a silver wire in contact with 0.1 M Ag/NO3 dissolved in a particular solvent
(e.g., acetonitrile) can be used and denoted as the Ag/Ag+ reference. The relationship of
these reference electrodes potential to SHE is shown in Figure 2.10.

Ag/AgCl/KCl(satd.) SCE

Ag/AgNO3

0

0.8
0.197

0.241

0.799

V vs. SHE

Figure 2.10 Relationship between various reference electrode potentials to SHE
(not in scale).
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The scope of electrochemical techniques that can be applied to study conducting
polymer films on electrode surfaces is illustrated in Figure 2.11.

Electrochemical Methods

Zero Current

Potentiometry

Dynamic

Controlled Current

Controlled Potential

Figure 2.11 Representation of electrochemical measurement techniques.

For the dynamic techniques, especially when rather large current flows in
response to the potential perturbation, a three electrode cell arrangement is needed. In
this arrangement, the current is passed between the working electrode and an auxiliary (or
counter) electrode (AE). This auxiliary electrode should have a large area relative to the
working electrode. In the three-electrode arrangement, the reference electrode will not
polarize because little current flows into it. In a dynamic electrochemistry experiment,
there are several types and various ways the experiment can be done, namely:
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steady state methods: hydrodynamic electrodes, increasing convection,
microclectrodes, decreasing size



linear sweep methods: increasing sweep rate



step and pulse techniques: increasing amplitude and/or frequency



impedance methods: increasing perturbation frequency, registering higher
harmonics, etc.

In the experiment, mostly the working electrode potential is controlled and the current is
measured. The resultant i-E trace is called a voltammogram. Controlled current
experiments are not widely employed except in electrosynthetic procedures, such as when
a conducting polymer film is grown on a support electrode from a monomer solution.
In all experiments, it is important to (1) minimize ohmic drop in the electrolyte
i.e., a potential drop due to resistance of the solution can be neglected, which greatly
signifies control of electrode potential, and (2) define the mass transport conditions at the
WE/solution interface. A supporting electrolyte is added to the solution to meet both
these objectives. The supporting electrolyte is chosen such that its components are
electroactive over the potential range encompassed in the electrochemical experiment.
Solutions of alkali metal cations and polyatomic anions (e.g., KNO3, KClO4) meet these
criteria. In nonaqueous solvents, salts comprising bulky cations (e.g.,
tetrabutylammonium perchlorate) are normally employed. In majority of cases, we are
interested only in the processes at the conducting polymer film/support electrode
(substrate).
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Potential Sweep Method
Of all the methods available for studying electrode processes, potential sweep
methods are probably the most widely used. They consist of the application of a
continuously time-varying potential to the working electrode. In potential sweep
techniques, the current flowing at the WE/solution interface is monitored as a function of
the potential applied. Three voltammetric techniques are considered: linear potential
sweep chronoamperometry, which most workers refer to as linear sweep voltammetry
(LSV); cyclic voltammetry (CV); and hydrodynamic voltammetry. In LSV, the potential
is swept linearly at v V/s so that the potential at any time is E(t) = Ei ± vt. If the current is
measured as the potential is changed linearly with time, the current-potential curve is
called a linear potential sweep votammogram or peak polarogram. The origin of the peak
is easily understood. Consider if the potential sweep is begun at a potential well positive
of E 0 for the reduction, only nonfaradaic currents flow for a while. When the electrode
potential reaches the vicinity of E 0 the reduction begins and current starts to flow. As
the potential continues to grow more negative, the reduction potential of species O is
reached, the current rises sharply as O near the electrode surface is reduced; the current
then become diffusion-limited and begins to fall. When the potential is well past the E 0 ,
the surface concentration drops nearly to zero, mass transfer of O to the surface reaches a
maximum rate, and then it declines as the depletion effect set in, therefore, the current
falls as

1
t

.
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Cyclic voltammetry (CV) is a reversal technique and is the potential-scan
equivalent of double potential step chronoamperometry. Cyclic voltammetry has become
a very popular technique for initial electrochemical studies of new systems and has
proven very useful in obtaining information about fairly complicated electrode reactions.
In CV, the potential scan is swept from a chosen value, Eini, at t = t0 to a maximum value
(Emax) or a minimum value (Emin), depending on the scan direction. On reaching Emax (or
Emin), the sweep direction is reversed and swept until Emin (or Emax), then reversed and
swept to Emax (or Emin), etc. (Figure 2.12).

E
Emax

Eini
0

t

Emin

Figure 2.12 Variation of applied potential with time in cyclic voltammetry.
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Peak Current and Potential
CV uses a triangular ramp, and thus both directions of the redox process
O + ne-

R are probed. The information of i-E curve form sweep potential method can

be interpreted in three systems; reversible, irreversible and quasi-reversible. Consider an
electrochemicallly reversible situation (Nernstian system), and assume that an initial
reduction is carried out starting with oxidized (O) species only and no R initial present.
At a rest potential, no current flows and the concentration profile is homogeneous across
the WE/solution interface. As the potential is swept past the standard reaction potential,

E 0 , electrolysis at the interface converts O to R at a fast rate and the current continues to
rise. In fact, half of the original O species has been converted to R. At a potential past
E 0 , the surface concentration of O becomes virtually zero. Thus, the current peaks at
this point, and a further increase in magnitude of the potential causes a current decay as
the diffusion layer begins to grow (Figure 2.13).
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i

ip

Ep/2 E 0 Ep

Figure 2.13 Cyclic voltammogram for a reversible system.

Nernstian (Reversible) Systems

The peak current, ip, is given by the Randles-Sevcik equation,
ip = 0.4463(F3/RT)1/2 n3/2ADO1/2CO*v1/2
where F = Faraday constant = 9.64853x104 C
A = electrode area, cm2
R = molar gas constant = 8.3144 Jmol-1K-1
T = absolute temperature, K
DO = diffusion coefficient of oxidized species, cm2/s
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E

CO* = concentration of oxidized species, mol/cm3
v = linear potential scan rate, V/s

n = stoichometric number of electrons in an electrode reaction
The peak potential, Ep, is
Ep = E1/2 –1.109 (RT/nF) = E1/2 - 28.5/n mV at 25oC
where E1/2 = a half wave potential which is a potential at which i = .ip/2.

Because the peak is somewhat broad, the peak potential may be difficult to
determine and it is sometimes convenient to report the potential at ip/2, called the half
peak potential, Ep/2, which is
Ep/2 = E1/2 + 1.09(RT/nF) = E1/2 + 28.0/n mV at 25oC
Note that E1/2 is located just about midway between Ep and Ep/2, and that a convenient
diagnostic for a Nernstain wave is
|Ep – Ep/2| = 2.20(RT/nF) = 56.5/n mV at 25oC.
Thus for a reversible wave, Ep is independent of scan rate, and ip (as well as the
current at any other point on the wave) is proportional to (scan rate, v)1/2. The
proportional relationship between current and v1/2 indicates diffusion control.
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Totally Irreversible Systems

For such systems,
ip = (2.99x105)1/2ACO*DO1/2v1/2
Ep = E0’ – RT/F[0.780 + ln(DO1/2/k0) + ln(Fv/RT)1/2]
|Ep – Ep/2| = 1.857RT/F = 47.7/ mV at 25oC
where  = transfer coefficient and
k0 = standard heterogeneous rate constant , cm/s.

For a totally irreversible wave, Ep is a function of scan rate, shifting (for a
reduction) in the negative direction by an amount 1.15RT/F (or 30/ mV at 25oC) for
each tenfold increase in v.

Quasi-irreversible Systems

This case is the reactions that show electron-transfer kinetic limitations where the
reverse reaction has to be considered. The shape of the peak and the various peak
parameters were shown to be functions of  and a parameter , defined as
 = k0/(DO1-DRFv/RT)1/2

where DR = diffusion coefficient of reduced species, cm2/s.

37

For DO = DR =D, then
 = k0/(DFv/RT)1/2

and
ip = [0.4463(F3/RT)1/2 n3/2 ADO1/2 CO*v1/2]K().
The values of ip, Ep and Ep/2 depend on  and . For a quasi ireversible reaction, ip is not
proportional to v1/2.

The zone boundaries for LSV suggested by Matsuda and Ayabe are;
Reversible (Nernstian) :   15 ; k0  0.3v1/2 cm/s
Quasireversible

: 15    10-2(1+) ; 0.3v1/2  k0  2 x 10-5v1/2 cm/s

Totally irreversible

:

  10-2(1+) ; k0  2 x 10-5v1/2 cm/s

Figure 2.14 shows the peak shape of these three systems in 1 CV voltammogram.
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I

a
b
c

E

Figure 2.14 Cyclic voltammograms for an (a) electrochemical reversible,
(b) quasi-reversible, and (c) irreversible redox couple.
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Infrared Spectrometry [55]
Infrared radiation, which is in the range from approximately 10,000 - 10 cm-1, is
absorbed and converted by organic molecules into molecular vibration energy. This
absorption is also quantized, but vibrational spectra appear as bands rather than as lines
because a single vibrational energy change is accompanied by a number of rotational
energy changes. It is with these vibrational-rotational bands, particularly those occurring
between 4000 and 400 cm-1, that we shall be concerned. The frequency or wavelength of
absorption depends on the relative masses of the atoms, the force constants of the bonds,
and the geometry of the bonds. Band positions in IR spectra are presented as
wavenumbers (ῡ) whose unit is the reciprocal centimeter (cm-1). This unit is proportional
to the energy of vibration.
Band intensities can be expressed either as transmittance (T) or absorbance (A).
Transmittance is the ratio of the radiant power transmitted by a sample to the radiant
power incident on the sample. Absorbance is the logarithm, to the base 10, of the
reciprocal of the transmittance; A = log10(1/T). Organic chemists usually report intensity
in semiquantitative terms ( s = strong, m = medium, w = weak).
There are two main types of molecular vibrations, stretching and bending. A
stretching vibration is a rhythmical movement along the bond axis such that the
interatomic distance is increasing or decreasing. A bending vibration may consist of a
change in bond angle between bonds with a common atom or the movement of a group of
atoms with respect to the remainder to the molecule without movement of the atoms in
the group with respect to one another.
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Only those vibrations that result in a rhythmical change in the dipole moment of
the molecule are observed in the IR. The alternating electric field, produced by the
changing charge distribution accompanying a vibration, couples the molecule vibration
with the oscillating electric field of the electromagnetic radiation.
There are no rigid rules for interpreting an IR spectrum. Certain requirements,
however, must be met before an attempt is made to interpret a spectrum.
1. The spectrum must be adequately resolved and of adequate intensity.
2. The spectrum should be that of a reasonably pure compound.
3. The spectrometer should be calibrated so that the bands are observed at their
proper frequencies or wavelengths.
4. The method of sample handling must be specified.
The two important areas for a preliminary examination of a spectrum are the
regions 4000 – 1300 and 900 – 650 cm-1. The high-frequency portion of the spectrum is
called the functional group region. The lack of strong absorption bands in the 900 – 650
cm-1 regions generally indicates a nonaromatic structure. The intermediate portion of the
spectrum, 1300 – 900 cm-1, is usually referred to as the “fingerprint” region. The
absorption pattern in this region is frequently complex, with the bands originating from
interacting vibrational modes. This portion of the spectrum is extremely valuable when
examined in reference to the other regions. Absorption in this intermediate region is
probably unique for every molecular species. Any conclusions reached after examination
of a particular band should be confirmed where possible by examination of other portions
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of the spectrum. A characteristic group absorptions could be found in text books of IR
measurements.
Theoretical calculations of the IR bands of reduced PEDOT by Tran-Van and
coworker [56] are summarized in Table 2.3.

Table 2.3 IR bands of reduced PEDOT [56]
Type of vibrations

frequencies(cm-1)

Description of vibrations

Thiophene in plane

1468

C=C stretching (antisym.)

modes

1408

C=C stretching (sym.)

1350

C-C stretching

1015

Cycle deformation

962

C-S stretching

911

C-S stretching

Oxyethylene ring

2932

CH2 asymmetric stretching

modes

1110

C-C stretching

1070

C-O stretching

1061

C-O stretching

865

O-C-C deformation

802

Oxyethylene ring breathing

788

Oxyethylene ring deformation

565

C-O-C deformation
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In-situ FTIR spectroelectrochemical characterization of PEDOT films by C.
Kvarnstrom and coworker [57] showed that below 2000 cm-1, doping-induced IR bands
occur with maxima at 1514, 1290, 1184, 1087, 1059, 977 and 838 cm-1 when the scan
potential of the working electrode was more negative. Small shifts in the band positions
were found in different electrolytes which is explained by slightly different film
morphology. In the region above 2000 cm-1 the electronic absorption from free charge
carriers created during doping is observed. After the reverse cycle of potential, the film
reaches its original neutral state.
Optical and Electronic properties of Conjugated Polymers
When conjugated molecules or polymer chains are brought together to form an
organic solid, the electronic structure can be conveniently described in terms of 
bonding formed by overlap of sp2 hybrid orbitals, and  bonding formed by overlap of pz
orbitals on adjacent carbons. The overlap of pz orbitals on adjacent sites creates 
molecular orbitals, and with one electron per site in the lower lying half of these orbitals
being occupied, called  or bonding orbitals. The upper half is unoccupied, called * or
anti-bonding orbitals. Since the molecules interact only by the weak van der Waals
interaction, the top part of the occupied valence states (called valence band or the highest
occupied molecular orbital, HOMO) and the lower unoccupied states (called conduction
band or the lowest unoccupied molecular orbital, LUMO) are usually localized in each
molecule, with narrow intermolecular band widths of < 0.1 eV [58,59]. The occupancy
of the  orbitals contributes to the bonding energy. Carbon-carbon bond lengths are,
therefore, dependent on the electronic state. Promotion of electrons from  to * states
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results in a change in equilibrium geometry of the molecule, and this is seen through the
coupling of electronic and vibrational transitions of both absorption and emission spectra
(Figure 2.15). In this figure, the energies of the ground and excited states are shown as a
function of the configuration coordinate of the system, which represents the positions of
the atomic nuclei. In general, the minimum of the excited state and of the ground state
potential curves are at different configuration coordinates. Because the electronic
transitions take place on a much faster timescale than nuclear motions, nuclei don’t have
time to change their configuration during an electronic transition [60]. Electronic
transitions, known as Franck-Condon transitions, are represented in Figure 2.15 by
vertical lines. The probability of an electronic transition between two states depends on
the overlap between the vibrational wavefunction of the initial and final states. The
transition from the first vibrationally excited state of one electronic level to the
vibrational ground state of another electronic state is known as a 1-0 transition. A
molecule in a vibrationally excited state will undergo radiationless relaxation to the
lowest vibrational state. Therefore, emission occurs from the lowest vibrational state of
the electronic excited state, and the absorption and emission spectra show a mirror
symmetry, with the emission occurring at lower energy.
A typical manifestation of vibrational relaxations taking place in the excited states
is the appearance of vibronic progressions in the experimental optical absorption spectra
[61]. Vibronic features could not be observed if the equilibrium positions in the ground
and excited states were identical. In contrast, a displacement of the equilibrium geometry
in the excited state leads to the appearance of several vibronic features, usually between
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the zeroth vibrational level of the ground state and various levels of the excited state.
The lowest energy transition (i.e., the 0-0 transition) is to the relaxed of the excited state.
For the new class of these conductive polymers, PBEDOT-Qs, in the neutral
(undoped) state should have a single broad optical absorption band with the band gap
energy (Eg) at an onset of the absorption. Oxidation of the polymer leads to the
formation of two new energy levels due to the formation of charge carriers (polaron or
bipolaron), called a subband, which appear in the lower energy region at the expense of
the intensity of the -* transition. At the highest doping level, the spectrum presented
the characteristics of the free carrier absorption with no well defined peak. When these
polymers in the neutral state are optical excited with the energy ≥ Eg, the emission spectra
should occur at longer wavelength and the peak be narrow than that of absorption does.
If there is any structural defect, the emission spectra should have extended long
wavelength tail. If the equilibrium positions in the ground and excited states of these
polymers are identical, the vibronic features in the emission spectra should not be
observed. In contrast, a displacement of the equilibrium geometry in the excited state
leads to the appearance of several vibronic features.
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Figure 2.15 Absorption and emission processes between the S0 and S1 electronic states
of organic molecule.
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CHAPTER THREE
RESEARCH OBJECTIVES
The principal problem encountered with the practical utilization of the conductive
polymers is their poor processibility and environmental stability. Therefore, intensive
research efforts have been directed toward the development of processable conductive
polymers specifically designed for selective applications in the fields of electronic,
optical and electrochemical devices. Functionalization of monomer, i.e. substituted
conjugated polymer, is a major method to improve their processibility and physical
properties. Most of the recent studies on conjugated polymer for display applications
have been devoted to the optimization of the device lifetime and efficiency, to the
improvement of the morphological stability, to the understanding of the charge-transport
mechanisms as well as to the tuning of the LED emission spectrum.
Due to the unique properties of BEDOT-Q monomers, i.e., low oxidation
potentials and luminescence in the blue region, their polymers could be used as possible
candidates in organic and electronic devices. Although polymers synthesized from
BEDOT-Q monomers by chemical polymerization method yielded insoluble materials in
common solvents rendering solution-processing impossible, electrochemical
polymerization methods afforded thin polymeric films on a variety of substrates.
Therefore, the objectives of this research include:
1. To synthesize a new series of polymers with unique properties containing
modified bis(3,4-ethylenedioxythiophene) monomers. Such these polymers are expected
to have a good stability, high electrical conductivity, exhibit electrochromic and emit
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light. These properties can be utilized in many applications such as antistatic coatings,
EMI shieldings, electroluminescent devices, non-linear optical devices, electrochromic
devices and large area displays.
2. To characterize these conductive polymers and study their electrochemical,
optical and conductivity properties in order to use as opto-electronic materials.
3. To develop the new methods of preparation allowing better control of the
molecular architecture, structural definition, and properties of the polymers. The ability
to control the structure and properties of conjugated polymers is a prerequisite for all
subsequent physical and structural studies as well as the development of technological
applications.
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CHAPTER FOUR
EXPERIMENTAL
The goal of this work was to synthesize and investigate the properties of a new
class of conductive polymers from BEDOT-thiophene derivatives (BEDOT-Ts) and
BEDOT-benzene derivatives (BEDOT-Bs). The primary goal of this research is to report
a new class of optoelectronic polymers. In this work a new method, an anodic oxidative
electrochemical polymerization from monomer solutions, was used to synthesize two
new sets of polymer thin films. The electrochemical, electronic and optical properties of
the resulting new materials were investigated. The measurement methods, including
cyclic voltammetry, UV-vis-NIR spectroscopy, IR spectroscopy and photoluminescence,
were used to characterize these properties. Possible applications for these new materials
include electrode materials, chemical and biological sensors, electronic devices and
luminescent diodes.
Two sets of polymers were synthesized and their properties investigated. These
polymers were synthesized from the following monomers: BEDOT-Thiophene
derivatives (BEDOT-Ts) including BEDOT-3BT, BEDOT-3OT, BEDOT-3TBS and
BEDOT-3MPT; and BEDOT-Benzene derivatives (BEDOT-Bs), BEDOT-TOL,
BEDOT-BOB and BEDOT-FB. Monomer structures used in this research are shown in
Figure 4.1
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Figure 4.1 Chemical structures of BEDOT-Ts and BEDOT-Bs.
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Materials
BEDOT-3BT, BEDOT-3OT, BEDOT-3TBS, BEDOT-3MPT, BEDOT-TOL,
BEDOT-BOB, and BEDOT-FB monomers were used as synthesized in our laboratory.
Tetrabutylammonium hexafluorophosphate [TBAPF6] and Acetonitrile [ACN] were
purchased from Aldrich Chemical Co. AgNO3 (Bioanalytical Systems, Inc.,), used for the
reference solution, was utilized without further purification. Glassy carbon (Bioanalytical
System, Inc.,) and ITO-coated glass (Delta technologies, Inc.,) were used for working
electrodes.
Sample Preparation for Electrochemical Properties
The TBAPF6 was used for a supporting electrolyte. The TBAPF6 was
recrystallized from ethanol and dried under vacuum (25 °C, 48 h). The ACN was
distilled over CaH2 under a N2 atmosphere, and was degassed with N2 prior to use.
A 0.1 M stock electrolyte solution was prepared from TBAPF6 and ACN, which was
subsequently used to prepare the 1x10-2 M AgNO3 reference solution and the 1x 10-3 M
monomer solution. Electrochemical synthesis of the polymers was carried out using a
Bioanalytical systems, C2 Cell Stand Electrochemical Analyser model BSA 100A. A
three electrode cell, with a silver wire immersed in a 1x10-2 M AgNO3 reference solution
(Ag/AgNO3) as the reference electrode, glassy carbon as the working electrode, and a
platinum (Pt) wire as the counter electrode, was used for electrosynthesizing the polymer
films (Figure 4.2). The reference electrode was made fresh approximately 30 minutes
before using for each monomer solution used. The polymer films were prepared from a
solution of a 1x10-3 M monomer in 0.1 M TBAPF6/ACN as an electrolyte by repeated
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potential scanning method at the lowest oxidation potential (Ep,a) of each monomer at
room temperature with scan rate of 100 mV/s. All polymerization conditions, such as
monomer solution concentration, electrolyte species, solvent, and scan rate, were kept the
same for each monomer except for the range of the potential used for polymerization.
The electrochemical and optical properties of these monomers are summarized in Table
4.1. The range of potential used for each monomer is dependent on the redox potential of
the monomer as summarized in Table 4.2.

Ag/Ag+ : RE
GC or ITO-coated glass: WE

N2

monomer solution
Pt wire: AE

Figure 4.2 The setup of an electrochemical cell for polymerization of BEDOT-Ts and
BEDOT-Bs monomers by 3 electrodes method.
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Table 4.1 Optical and electrochemical properties of BEDOT-Ts and BEDOT-Bs
monomers [22,23,62].
Ep,a

Absorbance

Emission

Quantum yield

(mV vs. Ag/Ag+)

(max)

(max)

(quinine sulfate std)

BEDOT-3BT

446

361

441

0.034

BEDOT-3OT

426

361

441

0.032

BEDOT-3TBS

403

382

449

0.030

BEDOT-3MPT

451

371

450

0.020

BEDOT-TOL

582

318

401

0.071

BEDOT-BOB

523

336

410

0.103

BEDOT-FB

403

339

397

0.096

Monomer
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Table 4.2 Cycle potential values for oxidative anodic electropolymerization of
PBEDOT-Ts and PBEDOT-Bs for 30 cycles.

Sample

Potential (mV)

PBEDOT-3BT

-1000 to 450

PBEDOT-3OT

-700 to 450

PBEDOT-3TBS

-800 to 500

PBEDOT-3MPT

-1000 to 500

PBEDOT-TOL

-1000 to 520

PBEDOT-BOB

-1000 to 520

PBEDOT-FB

-1000 to 700

In order to isolate and study the polymer redox properties, the electrochemically
deposited films were washed with acetonitrile to ensure that there was no monomer left at
the film surface, and cyclic voltammetry (CV) of the resulting polymer electrode was
performed in contact with electrolyte in the absence of the monomer. For each polymer
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film, the scan rate dependence of the redox properties was evaluated with scan rates of
10, 50, 100, 150, 200, 250, 300, 350 and 400 mV/s.
For optical properties measurement, the polymer film had to be deposited onto a
transparent electrode. It is known that the qualities of oxidative electropolymerization of
PEDOT depend on the potentials used during potentiostatic (constant V) polymerization
or the current densities used in galvanostatic (constant I) operation and on the solvent.
High potentials or current density above 500 A/cm-2 lead to porous polymers that do not
adhere to the electrode [20]. Due to the limitation of the instruments, neither the constant
current nor the constant potential can be used to synthesize these polymers. In the
beginning of this research, the polymer films were deposited onto ITO coated glass as
received using similar conditions as on a glassy carbon electrode (GCE) used in
electrochemical characterization. Some of those polymer films did not adhere with ITOcoated glass electrode and went back into the solution as powder after removing the
applied voltages. Some of them were cracked after being dried and/or did not adhere
well with ITO coated glass. To overcome these problems, ITO coated glass electrodes
were cleaned and electropolymerization conditions, such as monomer solution
concentration and potential scan rate, were modified to obtain uniform, smooth and good
quality films.
Sample Preparation for Optical and Electronic Characterization
All polymer films were electrochemically polymerized and deposited onto ITOcoated glass substrates, 7 mm x 50mm x 0.7 mm, with surface resistance of 10 /sq., by
repeated potential scanning at the lowest oxidation potential of each monomer at room
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temperature. ITO-coated glasses were sonicated in acetone for 20 minutes, followed by
methanol for 20 minutes, 10 minutes in deionized H2O, and subsequent drying with a N2
stream. These cleaned ITO-coated glasses were kept in desiccators. In order to obtain
smooth and uniform films, the scan rate was slower than 100 mV/s and monomer
concentration was less than 1 mM. Due to a diffusion limited process, the solution was
stirred and purged with a N2 during film deposition. The film deposition conditions for
each monomer solution is summarized in Table 4.3.

Table 4.3 Films deposition conditions of PBEDOT-Ts and PBEDOT-Bs.

Sample

Potential
(mV)

# of Cycles

Scan Rate
(mV/s)

Conc. Of monomer
(mM)

PBEDOT-3BT

-1000 to 450

50 to 80

20

0.5

PBEDOT-3OT

-1000 to 450

50 to 80

20

0.5

PBEDOT-3TBS

-800 to 500

50 to 80

20

0.6

PBEDOT-3MPT

-800 to 500

40 to 80

20

0.4

PBEDOT-TOL

-1000 to 520

30 to 80

50

0.4

PBEDOT-BOB

-1000 to 520

30 to 80

50

0.4

PBEDOT-FB

-1000 to 700

30 to 70

50

0.3
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The film deposition cycle was stopped at either the oxidation potential or the
reduction potential for each monomer solution. The redox state of the resulting polymer
films depends on the stop potential. After deposition, polymer films were washed with
ACN to ensure that there was no electrolyte and monomer left on the film surface and
subsequently slowly air-dried. Some of these polymer films were chemically reduced
(dedoped) in hydrazine monohydrate, for at least 48 h for PBEDOT-Ts and 24 h for
PBEDOT-Bs, followed by washing with deionized H2O, methanol, and drying under a
stream of N2. These chemically reduced films were used to compare the level of
reduction with the as-grown reduced films and the effect on polymer properties. The
chemically reduced films should be fully reduced due to the absence of electrolyte
species and the driving force from electric field. The as-grown reduced polymer films
may not be fully reduced because at the end of the cycle the applied current was turned
off and ionic charges in the electrolyte might be interacting with the polymers. These
samples were then used in UV-vis-NIR, IR, photoluminescence (PL) and dc conductivity
measurements.
UV-vis-NIR Spectra
The UV-vis-NIR absorption spectra of the polymer films on ITO-coated glass
substrates, as-grown oxidized (doped), reduced (undoped) and chemical reduced
(undoped), were measured by a PC-controlled Shimadzu UV-vis-NIR Scanning
Spectrophotometer model UV3101PC. The spectra were collected from 2400 to 280 nm
with correcting baseline to ITO-coated glass. A narrow slit width (0.8 nm) and slow scan
rate were used to get better resolution spectra. Optical bandgaps were calculated from

57

the onset of the * transition absorption peak. These films were subsequently used in
IR measurements.
Photoluminescence (PL) Spectra
The apparent fluorescence intensity and spectral distribution can be dependent
upon the precise geometry of sample illumination. The most common geometry used for
fluorescence of solid samples, such as thin films, is a front-face geometry, i.e., the sample
film is illuminated directly. The preferred orientation of the sample during illumination
is approximately 30o from the incident beam [63] (Figure 4.3). This procedure has two
advantages. First, less reflected light enters the emission monochromator. Second, the
incident light is distributed over a larger surface area of the sample. The sample holder
was custom designed to fit inside the sample holder chamber of the PL spectrometer.

Incident beam
30o

Substrate

Detector
Sample

Figure 4.3 Sample orientation for PL measurement.
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The polymer films on ITO-coated cuvette-size glass in the undoped state were
placed inside the sample chamber of Perkin-Elmer PL model LS 50B. The surface of the
film was 30o to the incident beam. The PL spectra were collected with one excitation
wavelength, depending on the absorption spectrum of each polymer. Since all polymers
investigated here have absorption spectra in the same region, 450 nm radiation was used
for the excitation energy. A scan rate of 100 nm/min was used to collect emission spectra
of all samples. The PL spectrum of ITO-coated glass was collected to ensure that the
emission spectra were from the electrodeposited samples and not the ITO-coated glass.
Infrared (IR) Spectra
The IR spectra of all polymers (doped, intermediate, and undoped states) were
recorded using a Nicolet Magna-IRTM 550 FT-IR spectrometer in the reflection mode and
used ITO-coated glass as a background. The spectra were collected from 4000 to 600
cm-1.
dc Conductivity Measurement [64]
The dimensions of all polymer films, on ITO-coated glass substrate, used for a dc
conductivity (dc) were 7 mm x 35 mm with thicknesses from 1 – 3 m. A standard inline four point probe technique was used for the dc conductivity measurement. For this
technique, a constant current was applied to the two outer probes and the resistivity is
calculated from the voltage drop across the sample measured from the two inner probes
(Figure 4.4). A probe head with tungsten carbide probe tips from Alessi C4s was used.
The probe tip spacing is 1 mm. The constant electric current (I) was provided by a
Keithley 220 programmable current source and a Keithley 2000 multimeter was used to

59

measure the voltage (V). The input impedance of the multimeter is greater than 10 G
For probes resting on a semi-infinite medium with the probe spacings are equal, the
resistivity is given by
 = 2s(V/I) ,

where s = probe spacing.

I

I
V

s

Figure 4.4 An in-line four point probe.
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Since the samples are not semi-infinite in extent in either the lateral or the vertical
dimension, correction factors for finite geometries must be included. Therefore, the
resistivity equation become

 = 2sF(V/I) ,

where F = correction factor that depends on the sample geometry, such as edge,
thickness and probe placement effects.

The correction factor F is a product of three separate correction factors given by
F

ln2F1F2 F3 


where F1 = correction for sample thickness,
F2 = correction for lateral sample dimension,
F3 = correction for placement of the probes relative to the sample edges.

For small samples, if the probe distance from the edge boundary is three to four
probe spacings or more, the correction factor F3 reduces to unity. The correction factor
concerning with the size of the sample, F2, is given by
F2 


,
ln 2  ln{((d s)  3)/((d s) 2  3)}



2

where d = sample width (or diameter).
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A parameter that must be corrected for under most practical measurement
conditions is the sample thickness, usually on the order of the probe spacing or less. The
correction factor for a conducting bottom sample surface boundary is

F1 

ts
,
2ln(cosh( t s))/(cosh(t 2s))

where t = sample thickness.
The dc conductivity () is calculated by
 

1
.
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CHAPTER FIVE
RESULTS AND DISCUSSION
Oxidative chemical polymerization of 2,5-bis[(3,4-ethylenedioxy)thien-2-yl]-3substituted thiophenes (BEDOT-Ts) monomers and 2,5-bis[(3,4-ethylenedioxy)thien-2yl]-2-substituted benzenes (BEDOT-Bs) monomers led to the formation of powder
polymers. These polymers did not dissolve in common organic solvents which precluded
their characterization by conventional analytical techniques. In order to polymerize these
polymers and to characterize their properties, an oxidative anodic electrochemical
synthesis was used. All polymer films were electropolymerized and deposited using the
three electrode method onto glassy carbon or ITO-coated glass electrodes from monomer
solutions by repeated potential scanning at the lowest oxidation potential for each
monomer [22, 23, 62]. The cyclic voltammetry, infrared spectroscopy, UV-vis-NIR
spectroscopy, and photoluminescence spectroscopy were used to characterize the
properties of these polymers. The potential reported here are with respected to Ag/Ag+.
The PBEDOT-Ts are: PBEDOT-3BT; PBEDOT-3OT; PBEDOT-3TBS;
PBEDOT-3MPT.
The PBEDOT-Bs are: PBEDOT-TOL; PBEDOT-BOB; PBEDOT-FB.
Electrochemical Synthesis
The oxidative anodic electropolymerization and film deposition were carried out
using multiple scan cyclic voltammetry with glassy carbon as the working electrode, Pt
wire as the auxiliary electrode, and Ag/Ag+ as the reference electrode. For comparative
proposes, all polymerization conditions, such as monomer solution concentration,
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electrolyte species, solvent, scan rate and temperature, were kept the same for all
polymers.
Application of recurrent potential scans of each monomer solution with a positive
limit set at the first of the oxidation wave of the monomer led to the development of a
new redox process at a lower potential than a corresponding monomer oxidation
potential. The current of this new redox process continued to increase in intensity upon
additional cycling, consistent with the deposition of an electroactive polymer onto the
surface of the working electrode, as shown in Figure 5.1 for the cyclic voltammograms of
the PBEDOT-Ts and Figure 5.2 for PBEDOT-Bs. Further evidence for the formation of
the polymer was the observation of a dark blue film for PBEDOT-Ts and a bronze film
for PBEDOT-Bs on the surface of the working electrode when the surface was examined.
The stopping potential for all polymers was the reduction potential.
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Figure 5.1 Cyclic voltammetric scanning electropolymerization of PBEDOT-3BT,
PBEDOT-3OT, PBEDOT-3TBS and PBEDOT-3MPT on GCE.
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Figure 5.2 Cyclic voltammetric scanning electropolymerization of PBEDOT-TOL,
PBEDOT-BOB and PBEDOT-FB on GCE.
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The mechanism for the electropolymerization of the bis(2-(3,4ethylenedioxy)thienyl) monomers was proposed by Reynolds and co-workers [50,65,66].
The polymerization proceeds through an electrochemically activated step-growth
mechanism. The first step consists of the oxidation of the monomer to its radical cation
which is then followed by a coupling polymerization. Since the similarity of BEDOT-Ts
and BEDOT-Bs monomers to Reynolds bis(2-(3,4-ethylenedioxy)thienyl) monomers, the
electropolymerization mechanism of these polymers should be depicted as shown in
schematic 5.1 and 5.2. The charging processes, which is achieved by application of an
adequate potential to the polymer electrode, involve the simultaneous transport of charges
and ionic species in the polymer matrix. The final doped conducting state is
characterized by the presence of positive charges associated with charge compensating
anions along the polymer chains.
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Electrochemical Properties
The resulting electrochemically polymerized films were thoroughly washed with
acetonitrile to remove excess monomer, and subsequent cyclic voltammetry was
performed in monomer-free electrolyte. The 1 cycle CV voltammograms of PBEDOT-Ts
(Figure 5.3) polymers exhibited an anodic peak at –259, -200, -235 and –269 mV, and a
cathodic wave at –320, -394, -415 and –299 mV for PBEDOT-3BT, PBEDOT-3OT,
PBEDOT-3TBS and PBEDOT-3MPT, respectively. The anodic and cathodic
voltammetric peaks of each polymer were separated by less than 200 mV. The anodic
peak of these polymers was lower than the oxidation potential of PEDOT (7 mV) [20] but
slightly higher than that of PBEDOT-thiophene (-500 mV) [50]. This probably results
because the planarity of the PBEDOT-Ts backbone is slightly less compared to
PBEDOT-thiophene caused by the substituent in 3-position on the central thiophene ring.
The 1 cycle CV voltammograms of PBEDOT-Bs (Figure 5.4) polymers exhibited an
anodic peak at 60, 100 and -287 mV, and a cathodic wave at –320, -394, and –305 mV
for PBEDOT-TOL, PBEDOT-BOB and PBEDOT-FB, respectively. The anodic peak of
these polymers was lower than that of PBEDOT-benzene (230 mV) [50]. A plausible
explanation of this lower oxidation potential is the influence of the electron-donating
group at the substituted benzene position: the stronger the electron-donating group, the
lower the oxidation potential, as is seen in other systems [20,50].
The voltammogram of all the polymer films in this study showed one anodic
wave followed by a broad plateau. Large anodic and cathodic currents of nearly constant
value were observed over a potential range on the order of 1 V. The large peak
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separation is essentially not a function of the potential sweep rate. This fact points to a
chemical reaction charge transfer. The most probable and plausible explanation is that
upon oxidation the polymer chains stabilize themselves from the twisted to a partially
planar structure with better conjugation due to overlap and delocalization of electrons. In
the case of aromatic polymers this is the transition from a more benzenoid structure to a
quinoid structure [67]. This also indicates that the polymers are stable over a broad
potential window where they can be used as conductors, for both electrode and transport
layers.
For each polymer film, cyclic voltammetry as a function of scan rate was
performed with the scan rate between 10 and 400 mV/s. Cyclic votammetry of each
polymer at various scan rates showed the general shape of the voltammagrams to be
similar and exhibit a low anodic wave peak (Figure 5.5 and Figure 5.6). For these
polymers, the peak current showed a linear relation to the square root of the scan rate
(ip vs. v1/2). The proportionality of current to v1/2 clearly indicates a diffusion controlled
process [54]. The peak current varies linearly with scan rate as expected for electroactive
species that are surface bound. This indicates that the electroactive polymer is welladhered to the electrode surface.
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Figure 5.3 Cyclic voltammogram of PBEDOT-Ts films in monomer free electrolyte.
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Figure 5.4 Cyclic voltammogram of PBEDOT-Bs films in monomer free electrolyte.
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Figure 5.5 (a) Scan rate dependence of the cyclic voltammogram of PBEDOT-3TBS thin
film on GCE in 0.1 M TBAPF6/ACN, scanned at 10, 50, 100, 150, 200,
250 and 300 mV/s.
(b) linear plot of ip vs. v1/2.
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Figure 5.6 (a) Scan rate dependence of the cyclic voltammogram of PBEDOT-TOL
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(b) linear plot of ip vs. v1/2.
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Optical and Electronic Properties
To characterize the optical properties of these polymers, the polymer films were
electropolymerized onto transparent ITO-coated glass electrodes. During potential
cycling, these polymers exhibit electrochromism. The color of the oxidized (doped) state
and neutral (undoped) state of each polymer is shown in Figure 5.7 for PBEDOT-Ts and
Figure 5.8 for PBEDOT-Bs. The color changed is reversible in electropolymerization.
When the scanning potential passed an oxidation potential, the color of the polymer film
on ITO changed to that of the doped state. In the reverse scan, the color changed to that
corresponding to the undoped state when potential passed the reduction potential. The
polymer films in the oxidized or neutral state can be obtained depending on the potential
at which polymerization is stopped. Some of these films were chemically reduced in
hydrazine monohydrate, which was required to attain the fully reduced form.
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Figure 5.7 Color of PBEDOT-3BT, PBEDOT-3OT, PBEDOT-3TBS and
PBEDOT-3MPT films electrochemical polymerization deposited on
ITO-coated glass by repeated potential scanning method.
D = doped, N = neutral (undoped), I = intermediate states.
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Figure 5.8 Color of PBEDOT-TOL, PBEDOT-BOB and PBEDOT-FB films
electrochemical polymerization deposited on ITO-coated glass by repeated
potential scanning method.
D = doped, N = neutral (undoped), I = intermediate states.
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Figure 5.9 shows the UV-vis-NIR absorption spectra of the PBEDOT-Ts films in
both oxidized and neutral states, as well as the chemically reduced films. The UV-visNIR spectra of PBEDOT-Bs are shown in Figure 5.10. The optical band gap for each
polymer was obtained from the onset of the -* transition absorption peak.
PBEDOT-3BT, in the neutral (undoped) state, had a single broad absorption with
an onset at 1.71 eV (ca.723 nm) and max at 2.21 eV (560 nm). Oxidation of the polymer
leads to the formation of two new energy levels (1.48 and 0.78 eV), called a subband,
which appear in the NIR region at the expense of the intensity of the -* transition. At
the highest doping level, the spectrum presented the characteristics of the free carrier
absorption with no well defined peak, as well as a smaller peak intensity at 560 nm.
PBEDOT-3OT, in the neutral (undoped) state, had a single broad absorption with
an onset at 1.69 eV (ca.734 nm) and max at 2.30 eV (540 nm). Oxidation of the polymer
led to the formation of two new energy levels (1.54 and 0.70 eV) which appeared in the
NIR region at the expense of the intensity of the -* transition. At the highest doping
level, the spectrum presents the characteristics of the free carrier absorption with no well
defined peak.
PBEDOT-3TBS, in the neutral (undoped) state, had a single broad absorption
with an onset at 1.65 eV (ca.753 nm) and max at 2.22 eV (558 mn). Oxidation of the
polymer led to the formation of two new energy levels (1.56 and 0.86 eV) which
appeared in the NIR region at the expense of the intensity of the -* transition. At the
highest doping level, the spectrum became one broad peak absorption above 500 nm.
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PBEDOT-3MPT, in the neutral (undoped) state, had a single broad absorption
with an onset at 1.66 eV (ca.745 nm) and max at 2.24 eV (554 nm). Oxidation of the
polymer led to the formation of two new energy levels (1.47 and 0.71 eV) which
appeared in the NIR region at the expense of the intensity of the -* transition. At the
highest doping level, the spectrum presented the characteristics of the free carrier
absorption with the intensity of the -* transition peak almost disappeared.
These polymers were somewhat unstable at the highest doping level during
prolonged exposure to the laboratory environment since the spectra showed reappearance
of the absorption peak at the -* transition.
UV-vis-NIR absorption spectra of PBEDOT-TOL (Figure 5.10) showed the -*
transition at 2.30 eV (538 nm) with the band gap at 1.73 eV. The highly doped state
exhibited the characteristic of charge carrier tail with one absorption peak from 400 nm
extended to NIR region. While PBEDOT-BOB showed the band gap at 1.85 eV and two
lower energy peaks at 1.75 and 0.97 eV and PBEDOT-FB showed the band gap at 1.76
eV with two lower energy levels at 1.49 and 0.97 eV.
On the basis of these optical features, the two absorption subbands are attributed
to the occurrence of bipolarons [68,69] since theoretical calculations have shown that the
adjacent polarons are unstable at the high doping level.
The band gap of PEDOT-Bs is somewhat slightly higher that that of PEDOT-Ts.
The larger band gap of PEBDOT-Bs is most likely due to the decreasing planarity of the
polymer chains since the central benzene ring is inclined to the plane of the attached
thiophene rings [50]. These substituents can affect the ordering of the polymers in the
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solid state and one can speculate that as the conjugated polymer is twisted out of
conjugation, the band gap is larger. Notice that there is a low energy absorption tail; this
is probably due to slight oxidation of the polymers and trapped charges.
The PBEDOT-Bs are stable in both doped and undoped states in ambient
conditions. There was no change in polymer films color nor the UV-vis-NIR spectra.
Electrical Conductivity
The dc conductivity, using the standard four point probe technique, of these
polymers films, thickness ranging from 1-3 m, was in the range of 10-30 S/cm. There
was no significant difference in conductivity values between PBEDOT-Ts and PBEDOTBs. These values are summarized in Table 5.1 and 5.2. This conductivity is lower than
that of PT and PEDOT but the value is high enough to be used for transport of electric
charges.
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Figure 5.9 UV-vis-NIR spectra of PBEDOT-3BT, PBEDOT-3OT, PBEDOT-3TBS
and PBEDOT-3MPT films deposited on ITO-coated glass (a) neutral,
(b) intermediate, and (c) doped states.
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Figure 5.10 UV-vis-NIR spectra of PBEDOT-TOL, PBEDOT-BOB and PBEDOT-FB
films deposited on ITO-coated glass (a) neutral, (b) intermediate, (c) doped
states.
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Infrared Spectra
Infrared spectra were obtained from the same films used for UV-vis-NIR
measurement. All polymers show similarity in their IR spectra as shown in Figure 5.115.17. By comparison to the calculated IR absorption bands of reduced PEDOT [56], the
peak in the vicinity of 1070 cm-1 is assigned for C-O stretching in oxyethylene ring. The
peak at 1110-1200 cm-1 is assigned for C-C stretching while CH2 bending is at 1350 cm-1
in the oxyethylene ring. The C-S stretching of the thiophene ring is assigned to 910-980
cm-1. The C=C stretching of the thiophene ring is assigned to 1431-1480 cm-1. The
absorption bands at 2800-3000 cm-1, assigned to CH2 stretching, are stronger with the
longer methylene units in the substituent. The PBEDOT-3OT, therefore, has the
strongest absorption in these ranges as shown in Figure 5.12.
The most striking difference in IR absorption peaks of PBEDOT-Ts is the relative
intensity of the peak at 822-843 cm-1 to 910-980 cm-1. The intensity increases with
increased doping levels most likely corresponding to the structural change from
benzenoid to quinoid at the thiophene ring. In spite of reducing with hydrazine
monohydrate, the band at ~800 cm-1 does not totally disappear. This may explain why
the PBEDOT-Ts could not be fully undoped, consistent with the UV-vis-NIR spectra of
these polymers.
In contrast to PBEDOT-Ts, the intensity of IR absorption bands in the vicinity of
830-840 cm-1 for PBEDOT-Bs are not consistent with the doping levels. The possible
explanation is the influence of the characteristic of aromatic structures that strongly
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absorb in this region. The existence of aromatic structure is also shown at the high
energy region above 3000 cm-1.
From the IR spectra, it has been shown that the electrochemical polymerization of
BEDOT-Ts and BEDOT-Bs monomers occur at the end of polymer chains and does not
open up the central ring.
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Figure 5.11 IR spectra of PBEDOT-3BT films deposited on ITO-coated glass (a) reduced,
(b) as-grown (doped) and (c) doped.
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Figure 5.12 IR spectra of PBEDOT-3OT films deposited on ITO-coated glass,(a)
reduced,
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Figure 5.13 IR spectra of PBEDOT-3TBS films deposited on ITO-coated glass,
(a) reduced, (b) as-grown (doped) and (c) doped.
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Figure 5.14 IR spectra of PBEDOT-3MPT films deposited on ITO-coated glass,
(a) reduced, (b) as-grown (doped) and (c) doped.
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Figure 5.15 IR spectra of PBEDOT-TOL films deposited on ITO-coated glass,
(a) as-grown (doped), (b) reduced and (c) doped.
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Figure 5.16 IR spectra of PBEDOT-BOB films deposited on ITO-coated glass,
(a) as-grown (reduced) (b) reduced, and (c) doped.
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Figure 5.17 IR spectra of PBEDOT-FB films deposited on ITO-coated glass,
(a) as-grown (reduced), (b) doped and (c) reduced.
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Photoluminescence Spectra
The photoluminescence spectra were obtained from the polymer films chemically
reduced with hydrazine monohydrate. The photoluminescence of the corresponding
monomers have blue emission with max ranging from 441 to 450 nm for BEDOT-Ts and
max ranging from 401 to 430 nm for BEDOT-Bs [22,23]. Figure 5.18 shows the
photoluminescence emission spectra of PBEDOT-3BT, PBEDOT-3OT, PBEDOT-3TBS
and PBEDOT-3MPT. The PL emission, maxima at 598, 611, 624 and 584 nm for
PBEDOT-3BT, PBEDOT-3OT, PBEDOT-3TBS and PBEDOT-3MPT, respectively, is in
the orange-red region. The spectra of these polymers show the extended long wavelength
tail. This feature is due to a high density of defects resulting from structural
inhomogeneities [71]. The PL emission spectra of PBEDOT-TOL, PBEDOT-BOB and
PBEDOT-FB are shown in Figure 5.19 with the maxima at 611, 632 and 612 nm,
respectively. The emission spectra of PBEDOT-BOB and PBEDOT-FB appear more
symmetrical while the extended long wavelength tail appears in PBEDOT-TOL spectra.
This tail in PBEDOT-TOL spectrum is most likely due to structural inhomogeneities
caused by differences in conjugation length from the presence of doping segments in the
undoped films. Evidence of this is the persistence of the low energy absorption peak at
around 900 nm in the UV-vis-NIR spectra of PBEDOT-TOL in the undoped state. All
polymers investigated here have energy gaps between the -* transition in the green
region, and emit in the orange-red region. As expected, the emission occurs at lower
energy than the absorption, and is assigned to the radiative decay of singlet excitons [72].
The absorption of each polymer is much broader than the emission, and shows a less

93

well-pronounced vibrational structure. This can be explained in terms of the conjugation
lengths present in the polymers [72]. The shorter conjugated segments in the polymer
have electronic transitions shifted to higher energies due to confinement of the excited
states. While absorption samples the whole range of conjugation lengths, therefore, the
spectrum is broadened, the excitons responsible for emission are able to diffuse between
conjugated segments during their lifetime. These excitons will move preferentially onto
the low energy, better ordered segments where they decay. Exciton diffusion is well
known in molecular organic systems [73], and accounts for the red shift observed in
emission from conjugated polymers.
The low intensity of PL spectra of these polymers is most likely caused by the
quenching sites from doped segment that are still left in the polymer. The evidence of the
absorption peak at lower energy is shown in the UV-vis-NIR spectra of undoped polymer
films.
Some of electrochemical and optical properties of these polymers are summarized
in Table 5.1 for PBEDOT-Ts and Table 5.2 for PBEDOT-Bs.
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Figure 5.18 Photoluminescence spectra of PBEDOT-3BT, PBEDOT-3OT,
PBEDOT-3TBS and PBEDOT-3MPT.
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Figure 5.19 Photoluminescence spectra of PBEDOT-TOL, PBEDOT-BOB and
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Table 5.1 Optical and electrochemical date for poly(BEDOT-Ts).

polymer
PBEDOT-3BT

E1/2
(mV)
-290

Eg
(eV)
1.71

max,Abs
(nm)
560

max,PL
(nm)
598

dc
(S/cm)
25

Color
(undoped)

color
(doped)

blue

deeppurple

PBEDOT-3OT

-297

1.69

548

611

18

blue

deeppurple

PBEDOT-3TBS

-325

1.65

558

624

23

blue

purple

PBEDOT3MPT

-284

1.66

554

584

25

blue

purple

color
(undoped)

color
(doped)

Table 5.2 Optical and Electrochemical data for poly(BEDOT-Bs).
dc
max,Abs max,PL
(nm)
(nm) (S/cm)

E1/2
(mV)

Eg
(eV)

PBEDOT-TOL

-130

1.73

538

611

28

blue

redbrown

PBEDOT-BOB

-147

1.85

516

632

30

blue

redpurple

PBEDOT-FB

-296

1.76

476

612

25

blue-green reddish

polymer
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CHAPTER SIX
CONCLUSIONS
The goal of this work was to synthesize and investigate the properties of a new
class of conductive polymers from BEDOT-thiophene derivatives (BEDOT-Ts) and
BEDOT-benzene derivatives (BEDOT-Bs). The polymers were synthesized using the
method developed here, an oxidative electropolymerization by a recurrent scanning
potential method, with glassy carbon or ITO as a working electrode (WE), Pt wire as a
auxiliary electrode (AE), and Ag/Ag+ as a reference electrode (RE). Various techniques,
including cyclic voltammetry, IR, UV-vis-NIR and photoluminescence spectroscopy,
were used to characterize the structures and properties of these polymers.
This was the first time that polymerization of asymmetric bis(3,4ethylenedioxythiophene)-based (BEDOT-Qs) monomers was successfully performed by
means of electrochemical synthesis. The thin polymer films synthsized by this method
provide several advantages over solution processes (casting or spin coating) such as
rapidity, absence of catalyst, ease of coating, direct obtainment of polymers in the doped
form, control of film thickness by the deposition charge, reduction of void space and
probably pinhole free, more structural order, more consistent electronic and mechanical
property replication, and variety of conducting substrates (metals, semiconductors) can be
used. Since there was no catalyst involved in the polymerization, no further purification
was needed.
Cyclic voltammetry studies of these polymers show clearly that as the electron
donating ability of the substituent group increased, the oxidation potential of that polymer
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decreased compared to others in the same series. Low oxidation potentials of monomers
are important as they are indicative of the ease with which the monomers can be oxidized
and the electropolymerization can proceed with minimal side reactions. Moreover, the
larger potential in the plateau area of PBEDOT-Ts compared to that of PBEDOT-Bs
suggested that PBEDOT-Ts are more planar with better bond conjugation. This may be
one of the reasons that the bandgaps of PBEDOT-Ts are slightly lower. The large
potential plateau also indicates that the polymers are stable over a broad potential
window where they can be used as conductors, for both electrode and transport layers.
IR data showed that there is no significant change in the structure of these
polymers from that of the monomers. This may imply that polymerization took place at
the BEDOT -position, with no opening of the central ring.
All polymers exhibited electrochromism and a spectrum of colors in the undoped
state, ranging from deep-purple for PBEDOT-3BT and PBEDOT-3OT to reddish for
PBEDOT-FB, and their photoluminescence in the orange and red regions as summarized
in Table 6.1.
It appeared that PBEDOT-3BT, PBEDOT-3OT, PBEDOT-3MPT and PBEDOT3TBS were stable in the intermediate (partially doped) form. The color of the doped
polymer films changed from blue to purple-blue, and UV-vis-NIR spectra showed that
the absorption intensity of the carrier tail decreased with the appearance of two new
absorption peaks. In contrast, PBEDOT-TOL, PBEDOT-BOB and PBEDOT-FB were
stable in both doped and undoped states.

99

The success in electropolymerization of these unique new polymers, in the form
of thin films with thickness that can be controlled by controlling the deposition charge
level, has opened the door for using these polymers in optoelectronic devices. During
redox switching, distinct color changes occurred demonstrating the potential utility of
these polymers as electrochromic films. The photoluminescence property of these
polymers can be used for making electroluminescent devices such as polymer lightemitting diodes (PLEDs) and perhaps micro-ring lasers. The most striking feature is that
the PBEDOT-BOB, PBEDOT-TOL and PBEDOT-FB polymers are stable in both doped
and undoped states in ambient atmosphere. These polymers could be transferred and
handled in air with no degradation. This property makes them good candidates for use in
electroluminescence devices either in the undoped form for an emissive layer, or in the
doped form for a transport layer or injection electrodes. Another interesting property is
stable red emission from these materials, which has not been achieved in other
conjugated polymers to date. Moreover, by these new electropolymerization methods,
polymer films can be achieved on a large flexible substrate such as ITO coated on
poly(ethylene terephthalate) (PET) film which can be used as a large-area flat panel
display, or a patterning electrode to achieve desired configuration on device substrates.
In addition, by using semiconductors as electrodes, p-n junctions could be formed. This
will be utilized in the area of diode and transistor devices.
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P BEDOT-3BT

polymer

E1/2
(mV)
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516
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545

548

548

544

max,Abs
(nm)
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611

584

603
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max,PL
(nm)

blue-green

blue

blue

blue

blue

blue

blue

color (doped)

reddish

red-purple

red-brown

purple

purple

deep-purple

deep-purple

color (undoped)

Table 6.1 Electrochemical and optical properties of PBEDOT-3BT, PBEDOT-3OT, PBEDOT-3TBS, PBEDOT-3MPT,
BEDOT-TOL, PBEDOT-BOB and PBEDOT-FB.

CHAPTER SEVEN
RECOMMENDATIONS FOR FUTURE WORK
While the focus of this work was on the electropolymerization and
characterization of novel thin films of PBEDOT-Ts and PBEDOT-Bs, in-depth studies
should be conducted to ascertain the effects of varying reaction parameters on the
properties of the polymeric films. The following recommendation for future research in
this area may be divided into three groups: electropolymerization reactions, optimization
conditions for polymer films and structure-property relation characterization, and, finally,
applications from these polymers.
Electropolymerization reactions of PBEDOT-Ts and PBEDOT-Bs: The reaction
mechanisms of the polymerization have not been studied. The mechanisms involve
several intermediate steps, which are not fully elucidated and it seems evident that a more
detailed comprehension of these elementary processes can significantly contribute to
obtaining highly oriented polymers.
Optimization conditions of electropolymerization films and their characterization:
There are many variables involved in electropolymerization. This work has been mainly
focused on changing some variables such as monomer concentration and electrical
conditions (scan rate, potential range, and current density) to obtain smooth polymer
films. Due to the complexity of these methods, the electrosynthesis conditions may
determine the structure and properties of the resulting polymers to a great extent.
Therefore, the optimization of the electrosynthesis conditions such as concentration of
reagents, solvent, temperature, electrode materials and electrical conditions on the
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resulting polymer properties should be studied. This could lead to significant progress in
the control of the structural definition and electrical properties of the polymers.
Application of PBEDOT-Ts and PBEDOT-Bs: Research effort focused on
development of new polymers is largely motivated by their multiple potential technology
applications. The applications may be divided into three main groups: (1) the electrical
properties of the doped state such as p-n junction diodes, hole transport layer for
OPLEDs, and gases sensors; (2) the electronic properties of the undoped semiconducting
state such as PLEDs, photovoltaic cells and FETs; and (3) the electrochemical
reversibility of the transition between the doped and the undoped states such as
rechargeable batteries, electrochromic devices and electrochemical sensors.
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